Introduction to the Appendices
The National Renewable Energy Laboratory (NREL) has reported evaluation results for fuel cell buses since 2003. These reports include a broad range of background on the transit property, buses, infrastructure, and overall experience operating fuel cell buses. Several reports are planned for each evaluation site. The first data report typically includes extensive background material plus an analysis of the first round of data. Update reports follow the initial publication, focusing on the newest data analysis and lessons learned since the previous report. The authors would like to provide more focus on the new data without depriving new readers of the background and context on the transit property and the technology. These appendices, referenced in the main report, are designed to provide the full background for the evaluation. They will be updated as new information is collected but will contain the original background material from the first report. Both parts can be downloaded separately. A Web link is provided on the cover to allow the reader to download the main report.
All NREL publications on hydrogen and fuel cell buses are available at http://www.nrel.gov/hydrogen/proj_fc_bus_eval.html. 
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NREL Transit Bus Evaluation Activities
Under funding from the U.S. Department of Energy (DOE) and in coordination with the Federal Transit Administration (FTA), the National Renewable Energy Laboratory (NREL) has been evaluating alternative fuel transit buses since the early 1990s. NREL uses a standard data collection and evaluation protocol that was established early in the process. This protocol has evolved over time but is still based on the original effort.
Since its first evaluation of hydrogen-fueled transit buses in 2000, NREL has published reports on fuel cell bus (FCB) performance and fleet experience for several transit agencies in the United States. Funding for these evaluations comes from DOE and FTA.
• DOE -the Technology Validation activity within DOE's Fuel Cell Technologies (FCT) Program 1 is focused on addressing the technical challenges and accelerating the development and successful market introduction of hydrogen technologies. NREL supports DOE's Technology Validation activity by evaluating hydrogen and fuel cell vehicles in parallel with hydrogen infrastructure to determine the current status of the technology and assess the progress toward technology readiness. While DOE has not funded the direct development of fuel cell buses, it has provided funding to NREL to conduct data collection and analysis and report results of existing FCB projects under this activity.
• Table A-1 provides an overview of all the FCB evaluation projects planned under both DOE and FTA funding. This is the estimated timing for NREL's data collection and evaluation and does not reflect the early design, development, and construction phase for the buses. The plans for upcoming evaluations are subject to change as each project progresses. The projects are separated by funding agency. 
Lightweight Battery Dominant Hybrid Fuel Cell Bus (NAVC)
Status: In development GE-led project for one development/testing bus and one new fuel cell bus. The testing vehicle includes a Hydrogenics fuel cell power system and has been used to support development activities of the new fuel cell bus, which will use a Ballard fuel cell power system.
Massachusetts Hydrogen Fuel Cell Powered Bus Program (NAVC) Status: In development
One new fuel cell bus to be operated at the Boston-area Logan International Airport. This will be a plug-in/battery dominant hybrid propulsion system. This design is planned with a Nuvera/Fiat fuel cell power system and lithium ion batteries for energy storage. 
Chicago Transit Authority FCB Demo (CALSTART)
Status
Overall Evaluation Objectives
The objectives of the DOE and FTA evaluations are to provide comprehensive, unbiased evaluation results of fuel cell and hydrogen bus development and performance compared to conventional baseline vehicles when they available and appropriate. Baseline vehicles are typically diesel buses or occasionally compressed natural gas (CNG) buses. These evaluations also include information on the development and performance of hydrogen infrastructure and descriptions of the facility modifications required for safe operation of hydrogen-fueled vehicles.
The DOE and FTA demonstration and evaluation programs have two major goals:
• Provide credible data analysis results to the transit bus and fuel cell industries that go beyond "proof of concept" for fuel cell transit buses and infrastructure.
• Provide results focused on performance and use including progress over time and experience from integrating vehicle systems, operations, and facilities for the fuel cell transit buses and supporting infrastructure.
DOE and FTA have both cited the lack of data and analysis results in real-world service as a challenge for moving the technology forward. These evaluations have proved useful for a variety of groups including transit operators considering the technology for future procurements, manufacturers needing to understand the status of the technology for transit applications, and government agencies making policy decisions or determining future research needs. SunLine is a Joint Powers Authority (JPA) created by its nine member cities as well as the county (Riverside). Each member city and the county have an appointed member on the SunLine board. SunLine operates 11 fixed routes (SunBus) and provides paratransit services (SunDial). Table B -1 outlines SunLine's current bus fleet including the newest fuel cell bus. In addition to the 69 fixed-route buses, the agency's fleet includes 31 CNG paratransit vehicles. Its nonrevenue vehicle fleet consists of 39 light-and medium-duty CNG vehicles and one hybrid lightduty vehicle. to better understand the existing and future transit market in the area and to develop a plan for optimizing service to costeffectively meet those needs. The Preferred Service Plan outlined in the study recommended a variety of modifications to the route structure to increase ridership and lower operational costs. The changes included realignment of select routes, establishment of new routes, and increased frequencies and spans on most routes. SunLine began implementing this plan during 2010. Table  B -2 shows a weekly summary of the updated bus use at SunLine and indicates that bus service operates at an average of 13.9 mph on the weekends and 14.0 mph during the week for an overall average of 13.9 mph. The weather in SunLine's service area can have an effect on vehicle performance. The Coachella Valley is a hot, desert climate with an annual rainfall between 2 and 4 inches. Average high temperatures are usually over 80°F for eight months of the year and can get as high as 120°F. This plays a role in how the SunLine buses are operated. During the eight months in the year when the average high temperature is above 80°F, drivers typically idle on the shorter layovers to keep the buses cool for passengers. This causes the bus average speed to go down and the airconditioning load to go up, both of which have a significant impact on fuel efficiency.
Alternative Fuels. SunLine started looking for a defining position on clean bus operations in 1991. At that time, a decision was made to convert the entire SunLine fleet (buses and support vehicles) to CNG in order to maximize the impact of potential emissions reductions and economic benefits. This decision was made at a very early stage in CNG bus development and deployment in the United States. For context, in 1991 approximately 25 heavy-duty CNG buses had just been placed into service in this country, with another 70 on order.
As background for SunLine's interest in alternative fuels, the State of California has identified some severe air-quality challenges, especially in the Los Angeles metropolitan area. The Coachella Valley, including Palm Springs, is located in Riverside County, which is one of the four counties (Los Angeles, Orange, Riverside, and San Bernardino) included in the Los Angeles metropolitan area. Starting in the late 1980s and early 1990s, the California Air Resources Board (CARB) began to strongly encourage alternative fuels for vehicles to help with emissions reductions. The South Coast Air Quality Management District (SCAQMD) launched several incentive programs for converting vehicles in the district to alternative fuel vehicles. One of these incentive programs focused on transit buses because of the potential significant emissions impact in urban areas.
The SunLine board of directors approved a 100% alternative fuels approach in 1992 and took advantage of local and state incentives for purchasing alternative fuel vehicles. Natural gas vehicle training programs were developed at the College of the Desert's Energy Technology Training Center, and the SunLine mechanics were the first "graduates" of that training. All SunLine employees received some natural gas vehicle safety familiarization training. SunLine was the nation's first fleet to change to 100% CNG bus operations, which essentially occurred overnight in May 1994. An NREL report documenting SunLine's first 10 years of CNG operations experience is available. 7 Since May 1994, SunLine has remained fully committed to operating its entire fleet on alternative fuels and continues that commitment to this day with CNG and hydrogen-fueled transit buses.
Experience with Hydrogen. SunLine's experience with hydrogen spans more than a decade of development and demonstration projects. SunLine has successfully used its unique capabilities with gaseous fuels, its small size, and its high-temperature/low-humidity location for attracting testing projects with government and manufacturer partners. Over the years, many projects have involved natural gas, hydrogen, fuel cells, and various combinations of these technologies. The objectives for these projects have been to advance clean transit bus propulsion systems and leverage project funding to afford SunLine additional equipment and infrastructure. A timeline of SunLine's hydrogen fueled bus demonstrations is shown in Figure B Table C -1 provides bus system descriptions for the AT fuel cell bus and CNG buses that were studied in this evaluation. The AT bus is a low floor, 40-foot New Flyer model with the latest advances designed to improve performance, reliability, and durability. Five compressed natural gas (CNG) buses operating from the same SunLine location are being used as a baseline comparison. These buses are 2008 model year New Flyer CNG buses with Cummins Westport ISL G natural gas engines that are designed to meet 2010 emission regulations. 
Advanced Technology Fuel Cell Bus
This AT fuel cell bus was designed in collaboration between Bluways, 9 Ballard, and New Flyer. The bus was originally developed as the pilot for an order of 20 buses to be operated in British Columbia, Canada, beginning with the 2010 Winter Olympic Games. The transit operator, BC Transit, put the bus through a series of acceptance tests over a period of about six months. The data results from those tests enabled the manufacturers to make changes and optimize the design prior to building the larger fleet. Once this bus completed its pilot testing in Canada, it was returned to Bluways where it was upgraded to match the final design of the rest of the BC Transit fleet. With funding from California and federal government agencies, SunLine was able to purchase the bus for operation in its service area. The bus is pictured in Figure C 
Hybrid Fuel Cell System
The design is a next-generation system based on experiences with early hybrid and fuel cell bus demonstrations conducted by the manufacturers. Each partner brings a unique perspective and set of experiences to creating a fuel cell bus designed to compete in the market. For Ballard, the new fuel cell module included improvements and upgrades based on lessons learned with projects such as the CUTE and HyFLEET:CUTE programs. As part of these and other demonstrations, Ballard gathered data from fuel cell buses operating for more than 1.2 million miles of revenue service. The data collected during these demonstrations were used to refine and optimize the fuel cell and system components for higher efficiency and increased durability. Ballard now offers a 5-year, 12,000-hour warranty on the HD6 fuel cell module.
The Bluways hybrid system was designed as a plug-and-play architecture, which enables a variety of power sources or energy storage solutions to be easily incorporated. For this AT bus, Bluways integrated Ballard's 150-kW fuel cell module and lithium-ion batteries from Valence. The hybrid electric propulsion system is based on the Siemens ELFA system. The company's experience with early version fuel cell buses and a fleet of gasoline hybrid buses provided inservice data to aid in the development process.
Appendix D: Evaluation Infrastructure Description
Infrastructure and Facilities SunLine's gaseous fuel experience began in the early 1990s when the agency switched its fleet to compressed natural gas (CNG). Protecting the air quality in the Coachella Valley was the primary reason the agency chose to abandon diesel for natural gas. To accomplish this conversion, SunLine sought out various partners. College of the Desert, a local community college, created a training program for alternative fuels. SunLine partnered with the local natural gas provider, Southern California Gas Company (SoCal Gas), to build the fueling infrastructure. The CNG station was completed and ready for operation by the end of 1993. The most unusual aspect of the station, from a transit perspective, is the fact that it is open to the public. SunLine has full ownership of the station and benefits fully from the sale of fuel. In addition to CNG, the station offers a blend of CNG and hydrogen, and pure hydrogen. Diesel and gasoline are not available at SunLine.
Natural Gas Fueling
SunLine has two bus operation sites, and both locations have a CNG fueling station for the bus fleet and for public fueling. The station has a public fueling station on the outside of the facility at Thousand Palms ( Figure D-1) , and piping is run underground to SunLine's private bus fueling station ( Figure D-2) . The public and private stations provide CNG at 3,600 psi. The CNG fueling station at Thousand Palms includes two 400 hp natural gas compressors from Wilson Technologies and provides a 10-minute CNG fill for a transit bus. The station design includes six American Society of Mechanical Engineers (ASME) tubes for a buffer to help start the fast fill.
In 1995, SunLine opened a second operating location in Indio called the Clean Air Center, which now operates approximately 40% of SunLine's service. A CNG fueling station was added at this location in 1995. This station includes both public and private fueling with higher speed fueling behind the fence of the facility. One Sulzer and one IMW Industries natural gas compressor along with three ASME tubes for a buffer were installed at Indio. Fueling times range from 12 minutes to 20 minutes, depending on demand. Some trucks and support vehicles are also fueled at this location from the public side of the station.
Hydrogen Fueling
SunLine has been providing hydrogen fuel for various vehicles on-site since 2000. Acting as a "test bed" for advanced technologies, SunLine has partnered with various organizations to test and optimize hydrogen production technologies. The fleet has demonstrated hydrogen production methods, including electrolyzers from two different manufacturers (using energy from solar and wind) and natural gas reformers.
SunLine currently produces hydrogen with a HyRadix reformer. The installation was completed and the unit went into service in August 2006. Funding for the new reformer was provided by SCAQMD and the Federal Transit Administration (FTA). The HyRadix Adéo 10 is a natural gas reformer that uses a proprietary catalytic auto-thermal reforming technology. The reformer generates hydrogen in four steps (as shown in Figure D-3 ):
• Sulfur removal -The natural gas is fed through an ambient temperature sulfur adsorption device to remove specific impurities, such as the odorant added for leak detection. These compounds can affect the performance of the catalysts used in the reforming process.
• Reforming -The natural gas is converted into a hydrogen-rich product stream through auto-thermal reforming, which uses a bi-functional catalyst that promotes two reactions (partial oxidation reaction and steam reforming reaction) in the same catalyst bed.
• Heat integration -To increase overall efficiency, heat recovered during the process is used to pre-heat the feed into the reactor and generate steam for the reforming reaction.
• Purification -Pressure swing adsorption (PSA) technology is used to purify the hydrogen.
The resulting purified hydrogen is compressed to 6,000 psi for storage prior to dispensing into the buses. The reformer is capable of producing 9 kg of hydrogen per hour. SunLine typically operates the unit at 4.5 kg per hour to meet current hydrogen demand. Onsite storage of hydrogen is approximately 180 kg of hydrogen in 9 ASME tubes and a tube trailer with another 16 ASME tubes. The hydrogen dispenser provides hydrogen to vehicles at a pressure up to 5,000 psi. Figure D-4 shows the hydrogen storage, natural gas reformer, and dispenser at the SunLine fueling station. The SunLine public fueling station provides CNG, hydrogen, and blended hydrogen (20%) and CNG (80%) fuel to the public. SunLine estimates that this hydrogen fueling infrastructure can produce enough hydrogen to comfortably operate five full-size transit buses without running out of fuel for the small hydrogen vehicles expected to be fueled at this station. 
Maintenance Facilities
To support operation and maintenance of CNG buses, SunLine made some modifications and upgrades to the maintenance facility in 1995. These included the addition of combustible gas detectors and the upgrade of some of the electrical conduit, lighting, and ventilation in the maintenance bays. The fueling station and maintenance facility upgrade costs at the Thousand Palms location were reported to be $1.47 million in 1995. There were no additional costs for the outside bus parking areas.
The combustible gas sensors and alarms in the maintenance facility are required by building codes for indoor maintenance of CNG vehicles. The combustible gas detection system is designed to alarm at a 20% lower flammability limit (LFL) in air with a siren and lights. At a 40% LFL the siren and lights latch on, power in the building is turned off, and the vents are opened in the roof of the building. The proper operation of this system is tested quarterly and the combustible gas detectors are calibrated every six months.
When SunLine first began testing hydrogen buses, it built a special on-site facility for maintenance. Located behind the CNG bus maintenance building, the facility is essentially a tent designed to vent hydrogen through its roof. It consists of an aluminum frame covered with fireproof canvas, which is ventilated along the ridgeline with an 18-inch gap and a 6-inch raised "rain cap" to allow hydrogen gas to safely escape if it is inadvertently released from the vehicle. All lighting within the tent structure and adjacent maintenance bay is rated Class 1, Division 1.
The building is also equipped with sensors that sound an alarm if a hydrogen leak is detected. Construction of the building cost approximately $50,000 ($21,000 for the building, doors, and ventilation system; and $29,000 for the fire and combustible gas sensors and the alarm system). This type of structure can provide a low-cost option to an agency located in a warmer climate, such as SunLine. The CNG and hydrogen maintenance facilities are pictured in Figure D -5.
There have been no reported hydrogen leaks in the hydrogen maintenance facility, and no alarms have occurred. The system and sensors are checked and calibrated twice a year. 
